Objective: To compare treatment outcome of patients with head and neck (HN) tumours treated with definitive radiation therapy that, mainly owing to differences in the fractionation scheme used with simultaneous integrated boost techniques, resulted in a different biological dose. Methods: 181 patients with HN cancer, prescribed to about 70.2 Gy in the primary tumour, were included in this study. Population cohort was divided into Group ,70 and Group $70 when the mean dose converted to a 2 Gy fractionation in the primary tumour was less or higher than 70.2 Gy, respectively. The probability of local control (LC), locoregional control (LRC), disease-free survival (DFS) and overall survival (OS) was determined for both groups. The incidence of acute and late complications was compared between the two groups.
INTRODUCTION
With increased knowledge on tissue response to radiation therapy (RT), fractionation schedules may be optimized for each tumour type. Fractionation optimization aimed at increasing tumour cure, by minimizing tumour proliferation, or at reducing adverse effects by allowing normal tissue damage to repair between fractions. A reduction in overall treatment time (OTT) through accelerated RT, compared with conventional fractionation, resulted in a significant improvement in locoregional control (LRC). 1 However, significant clinical benefits in terms of LRC and overall survival (OS) were obtained with hyperfractionated RT compared with accelerated regimens without increasing late toxicity. 2, 3 With the clinical implementation of intensity-modulated radiation therapy (IMRT) simultaneous integrated boost techniques or simultaneous modulated accelerated RT, using a dose per fraction larger than conventional in the primary tumour, were widely adopted in the clinical routine. 4 The integration of different prescription dose levels in the same plan is straightforward with inverse treatment planning. Reducing the number of plans per patient was a necessity to decrease the workload required with pre-treatment patient-specific IMRT verifications. Theoretically, both a reduction in OTT and an increase in dose per fraction should result in a therapeutic gain in terms of the probability of tumour control. Interestingly, an increase in the average weekly dose had a significant impact on LRC for patients with squamous cell cancer of the head and neck (HN) receiving RT alone, but not for those undergoing concurrent chemotherapy. 5 Inversely optimized IMRT was implemented in 2008 at IPOCFG and simultaneously integrated boost plans, with at least two prescription dose levels per plan, were used as much as possible. This fractionation methodology gradually replaced the conventional fractionation of five fractions per week of 1.8 Gy applied with forward optimized IMRT. 6 As a result of the evolution in RT, a cohort of patients with the same prescribed dose but different biological doses was collected. Differences in biological dose, i.e. dose converted to a 2 Gy fraction scheme, were a consequence of the total delivered dose, the fractionation schedules used, OTT and the shape of the three-dimensional (3D) dose distribution planned with different dose algorithms. Thus, the aim of this study was to compare treatment outcome in patients with HN cancer treated with definitive RT prescribed with the same therapeutic physical dose but resulting in a different biological effective dose. 3DCRT, three-dimensional conformal radiotherapy; fIMRT, forwardly optimized intensity-modulated radiation therapy; IMRT, intensity-modulated radiation therapy; RTCT radiochemotherapy; rIMRT, rapid intensity-modulated radiation therapy; RT, radiation therapy. a In intensive RT, RT was used as the single oncological treatment. b fIMRT uses sequential plans manually optimized, rIMRT and IMRT are inversely optimized IMRT with simultaneous integrated boost using a different number of segments (approximately 35 and 75, respectively).
METHODS AND MATERIALS
to 70.6 Gy to the primary tumour, delivered with a dose per fraction varying from 1.8 to 2.15 Gy, were included in this study. The clinical data electronically stored during the routine RT medical appointments were used in this retrospective study. 7 Patients were divided into two groups depending on whether the value of the mean dose converted to a 2 Gy fractionation in the primary tumour was inferior or superior to 70.2 Gy (Group ,70 and Group $70, respectively). The reasons for selecting the dose delivered to the primary tumour were threefold: first, recurrences occurred mostly in the vicinity of the primary tumour; 8 second, the biological dose escalation, through an increase in dose per fraction, was mostly applied to this volume; and third, reducing OTT resulted in clinical benefits in controlling the gross tumour but had little effect on the control of neck nodes. 2, 9 A dose-response effect, resulting from the biological dose escalation obtained by an increase in dose per fraction and reducing OTT, would thus be more evident in the primary tumour. Patient, disease and treatment characteristics for both groups are summarized in Table 1 .
Treatment details are described elsewhere. 6, 8 In summary, target volume delineation followed Gregoire et al. 10 Prescription dose to primary tumour volume and large adenopathies was around 70.2 Gy and to high-and low-risk lymph nodes, it ranged from 50.4 to 59.4 Gy. The main organs at risk included in plan optimization were: spinal cord, brainstem, mandible, parotid glands, thyroid and others considered relevant for each pathology.
Planning was performed in the treatment planning systems Oncentra® (Nucletron; Elekta, Stockholm, Sweden) and delivery was performed in ONCOR™ Avant-Garde from Siemens (Germany) (step-and-shoot technique for inverse IMRT). During the time frame of this study, i.e. 2007-2013, simpler target volumes were irradiated with 3D conformal treatment techniques (3DCRT, i.e., a simplified version of forward optimized IMRT), using up to 10 beams and a daily fraction of 1.8 Gy. More complex cases were irradiated with IMRT. From 2007-2012 forwardly optimized IMRT (fIMRT) was used. This technique used 5-7 gantry directions with a total of 15-25 segments manually optimized. Dose fractionation schedule was also based on the delivery of five fractions of 1.8 Gy per week. This technique was replaced by inversely optimized IMRT using 30-55 segments (rIMRT) (rapid intensity-modulated radiation therapy) or 70-80 segments (IMRT) for more complex targets and when the patient could sustain longer irradiation times. With inversely optimized IMRT, dose integration of at least two prescription dose levels per plan was made. Therefore, in most cases, the first target volume, generally low-risk lymph nodes, was being irradiated with a minimum daily fraction of 1.8 Gy and the second or third with a maximum daily fraction of 2.15 Gy.
Although in this population cohort, different delivery techniques were used for treatment, it is the delivered dose distribution that should be related to the outcome. Therefore, in this study, the analysis was based on the information gathered from the 3D dose matrix aiming to minimize the dependency on the delivery technique. Dose was calculated using collapsed cone as the dose computation algorithm for all patients. Plans made using the pencil beam dose algorithm were restored in the treatment planning system and recalculated using the most recent dose algorithm. For patients with significant anatomic deviations relatively to the planning CT, replanning was performed and the total accumulated dose was used for dosimetric assessment. Image co-registrations between different CTs were made using Velocity AI 2.7 (Varian).
Using the planned 3D dose matrices of each patient (from one to three sequential plans), total dose was converted to a 2 Gy fractionation scheme, in each structure of interest and/or voxel, using the Biological Effective Dose (BED) concept and the methodology described in detail in Ferreira et al.
where N p is the number of plans and D i is the total nominal or physical dose in each voxel delivered in plan i in fractions of size d i . a/b is the ratio of the linear quadratic model. T pot is the tumour potential doubling time, T is the real OTT for the prescribed treatment and T k is the time at which repopulation begins. D 2 Gy is the total dose converted into a fractionation of 2 Gy, delivered during T 2 Gy days, which results in the same biological effect. In this study, for HN tumours, an a/b of 10, a potential doubling time of 3 days and a kick-off time for repopulation of 28 days were used. 11 For the organs at risk, the repopulation term was disregarded and an a/b of 3 was used.
Concomitant chemotherapy was mainly cisplatin based. Patients unable to undergo this scheme were evaluated to cetuximab. In the sequential protocol, RT was administered between cycles of chemotherapy using mostly docetaxel cisplatin and Fluorouracil (TPF) or cisplatin and fluorouracil (PF).
During treatment, all patients attended a weekly medical appointment at the RT department. After that, follow-up occurred with 3-month intervals during 2 years, after which periodicity was reduced to every 6 months. At each follow-up visit, a complete physical examination, CT and/or MRI, assessment of radiation-induced secondary effects was performed. Radiation Therapy Oncology Group/European Organisation for Research and Treatment of Cancer guidelines were mostly used to score observed complications. 
Statistical analysis
Local control (LC) and LRC were defined from the time complete tumour response to the initial treatment protocol was obtained. Disease-free survival (DFS) was defined from the time of complete tumour response to the therapy up to the time of recurrence, metastasis, second tumour or death. Time to distant metastasis (DM) and OS were calculated from the start of RT. LC, LRC, DFS, distant metastasis (DM) and OS were calculated using the Kaplan-Meier method. Log-rank test was used to test the equality of the survival distributions between both groups. Summary statistics were reported as mean and standard deviation values for continuous variables and as counts and percentages for categorical variables. Comparisons between patient characteristics and groups were evaluated using x2 test for contingency tables (when the expected cell count assumption is verified) or Fisher's exact test (otherwise). The dose statistics in the primary tumour: prescribed dose, the physical dose and the dose converted for 2 Gy fractions were compared for both patients groups using the independent t-test (normality assumption verified by Kolmogorov-Smirnov test) or using the Mann-Whitney U test (otherwise). For the difference between two independent proportions, a z-test was used. The incidence of complications in the salivary glands (xerostomia), oesophagus (dysphagia), pharynx (odynophagia), larynx (dysphonia), skin (radiodermatitis), hair (alopecia), mucous membrane (mucositis), teeth and ear (hypoacusia), as well as pain and weight loss, for both patient groups was compared at the time maximum severity of RT side effects was observed, at 7 weeks (43.0 6 3.2 days), at 12 6 4 months and 24 6 5 months after RT, selecting the closest medical appointment from the period under evaluation. x2 test for contingency tables or Fisher's exact test was used for this comparison. For the longitudinal analysis of patient response to RT, the information gathered in all RT appointments was grouped into time intervals of increasing extent, as follow-up time became longer, i.e. as the numbers of patients significantly decreased with increasing follow-up time, even larger time intervals had to be considered for analysis.
Potential prognostic factors (hazard ratios and 95% CIs) associated with LC, LRC, DFS and OS were explored in univariate and multivariate analyses performed using the Cox regression models. These were: age, gender, tumour site (hypopharynx,
and OTT. The variable dose per fraction and OTT were excluded from the multivariate analysis owing to high correlation with the mean dose converted to 2 Gy in the primary tumour. Cox regression was performed using a forced entry method (all the considered variables are entered into the equation in one step).
All statistical analyses were performed using SPSS® Software, v. 20.0 (IBM Corp., New York, NY; formerly SPSS Inc., Chicago, IL), and p-values under 0.05 were considered significant. Figure 1 shows the histograms for OTT, the number of fractions and the dose per fraction for Groups ,70 and $70. 60.8% of the patients of Group ,70 were irradiated with 39 fractions of 1.8 Gy, while 79.4% of the patients of Group $70 were irradiated in the primary tumour with 33 fractions of around 2.
RESULTS
In Figure 2 , the frequency distribution of the prescribed dose, the mean physical dose and the dose converted to 2 Gy fractions, or biological dose, in the primary tumour for both patient groups is shown. The average nominal mean doses in the primary tumour for Group ,70 and Group $70 were 68.7 6 1.9 Gy and 70.2 6 1.6 Gy (p , 0.001), respectively, and the average mean doses converted to 2 Gy were 62.7 6 4.2 Gy and 73.1 6 2.7 Gy (p , 0.001), respectively. Other dose statistics in the primary tumour may be seen in Table 2 . For the parotid glands, a statistically significantly larger average mean dose was delivered in Group ,70 than in Group $70 (p # 0.015).
For Groups ,70 and $70, complete tumour response was obtained in 70.9% and 72.5% of the patients (p 5 0.81), respectively; partial tumour response was obtained in 19.0% vs 15.7% of the patients (p 5 0.56), respectively, and tumour Figure 3 ).
In univariate and multivariate analyses, non-concomitant radiochemotherapy, compared with concomitant radiochemotherapy, was significantly related to poorer LC, LRC and DFS (Table 3) . More advanced tumour stages were significantly related to worst OS, while nasopharynx tumours were related to better DFS and OS compared with the reference group (hypopharynx, pharyngeal-laryngeal and larynx tumours). The total delivered dose, converted to a 2 Gy fractionation, was not significantly associated with any of the survival endpoints.
The incidence of acute and late side effects for both groups is compared in Figures 4 and 5 for several organs at risk. For maximum acute RT side effects, observed at 26.0 6 12.4 days (range: 0-69 days), statistically significant associations between dysphagia (p 5 0.006), odynophagia (p 5 0.040) and pain (p 5 0.025) (only for 7 weeks after RT) and the two groups were found. For Groups ,70 and $70, the incidence of maximum acute toxicity G3-G4 for the oesophagus was 6.3% vs 23.5%; for the pharynx, it was 6.4% vs 17.6%; and for pain, it was 7.6% vs 15.7%, respectively. Acute complications G3-G4 in the mucous membrane, skin and larynx were similar between the two groups with an incidence of around 30%, 13% and 3%, respectively. G2 xerostomia, alopecia and weight loss had also comparable incidences among the two groups of about 61%, 14% and 9%, respectively.
12 months after RT [12.1 6 1.8 months (range: 7.8-15.9 months) and 110 patients evaluated], no statistically significant differences in the incidence of complications were obtained between the two patients groups. For Groups ,70 and $70, the incidences of G2-G3 skin complications were 21.3% vs 9.4% and the incidences of hypoacusia (ear) were 4.5% vs 19%, respectively. For the other side effects evaluated, almost no differences in the rate of RT side effects were obtained between the two patients groups. Thus, the incidence of G2-G3 complications for the salivary glands was around 22%, for oesophagus, larynx and teeth, it was about 10% and for mucous membrane and pain, it was around 5%. Figure 4 ). 
DISCUSSION
Two or three sequential plans were commonly used in conformal RT of HN tumour cases. With IMRT and the high workload required with this treatment technique, both in treatment planning and patient-specific quality control, a reduction in the number of plans made for each patient was mandatory. Simultaneous integrated boost techniques in the IMRT context were first suggested by Butler et al in 1999, 13 later discussed by Mohan et al in 2000 14 and widely implemented by the clinical community. This represents the delivery of a dose per fraction in the different target volumes ranging from 1.6 to 2.5 Gy. 6, 15, 16 The conventional fractionation of 2 Gy was historically embraced because it represents the optimal balance between tumour cell kill and late side effects. Increasing the dose per fraction, relatively to this standard fractionation, should result in higher probability of tumour control. With the protective effect obtained with IMRT, by reducing both total delivered dose and the dose per fraction in the organs at risk, the levels of toxicity may be reduced or at least maintained if a dose escalation approach was adopted. Acceptable clinical results with simultaneous integrated boost techniques in HN cancer were already reported by several. [15] [16] [17] [18] In this study, the population cohort was divided into two groups depending on the biological dose delivered to the primary tumour. The heterogeneity in the values of the biological dose resulted mainly from differences in the fractionation schedule and the dose assessed by different dose algorithms at the time of planning. Group ,70 was mainly composed of patients treated with 39 fractions of 1.8 Gy in 52-54 days, while Group $70 was mostly composed of patients treated with inverse IMRT in 44 days with a dose per fraction of 2.13 Gy in the primary tumour (Figure 1) . In this cohort, 20% of the patients were planned using pencil beams (up to 2010). Thus, for Group ,70, differences between the prescribed dose and the planned physical dose, recalculated with the collapsed cone algorithm in here, were obtained (Figure 2 ).
Physical dose was converted into biological dose so that the comparison between the outcomes of patients treated with Table 3 . Multivariate results from Cox's regression for the endpoints: local control (LC), locoregional control (LRC), disease-free survival (DFS) and overall survival (OS). Gender (male) was excluded from multivariate analysis owing to poor estimation. Dose per fraction and overall treatment time were also excluded owing to high correlation with mean dose converted to 2 Gy in the primary tumour (D mean ). Full paper: Biological dose-escalated definitive RT in HN cancer BJR different fractionation schedules could be made using the wellestablished BED concept. The real OTT, the number of fractions delivered and the planned 3D dose distribution were thus taken into account in the calculation of the biological effective dose.
Variables
Owing to the influence of these factors in the biological effect, the curve of the biological dose, in Figure 2 , is more spread out than the curve of the physical dose. For the patients included in Group $70, the curve showing the biological dose moved towards higher values than the physical dose owing to the positive effect of shortening OTT and increasing dose per fraction, compared with the reference fraction dose of 2 Gy, while the opposite happens to Group ,70. As a consequence of all these factors, the dose delivered to Group $70 was significantly higher than the dose delivered to Group ,70 ( Table 2) .
A trend for better survival outcome in Group $70, compared with Group ,70, was noticed. A 10% difference in DFS and almost 8% in OS between the two groups was obtained. The difference in DFS was also related to the higher incidence of second neoplasias in Group ,70 compared with Group $70 (6% vs 1%, respectively). By contrast, the higher DM in Group $70, compared with Group ,70, may be related to the higher rate of N2-3 tumour cases in this group (Table 1) . At short follow-up times, the difference in LC and LRC between the two groups was negligible, becoming more pronounced 30 months after RT (Figure 3) . Although the level of evidence of this retrospective study is low, similar results were obtained by Miah et al 18 and Leclerc et al 15 for larynx and hypopharynx tumour cases. Differences in LRC, and OS, of around 10% were obtained Figure 4 . Incidence of acute and late side effects to radiation therapy (RT) for patients of Group ,70 and Group $70 (first and second bars, respectively). The star indicates the RT side effects that resulted in statistically significant differences between the two groups. MucMembr, mucosal membrane; SalGland, salivary gland; Oesoph, oesophagus. only 2 years after RT when escalating the dose from 63 Gy to 67 Gy, delivered in 28 fractions, and from 69 Gy to 72 Gy, delivered in 30 fractions, respectively. In this study, despite the larger dose delivered with the new fractionation schedule, no statistically significant survival differences between the two groups were obtained. Thus, it is not possible to conclude whether these differences are potentially due to the biological dose escalation, as it would be expected, and significance was lost by the lack of statistical power of the study (small sample, small number of events in each category and short follow-up time), or whether the heterogeneity of this cohort, grouping tumour cases that may respond differently to fractionation, reduced the steepness of the dose-response curve, and no significant dose effect actually happens at such dose levels. With the availability of new treatment regimens based on improved knowledge of risk factors and radiobiology, therapies will be increasingly personalized. 19, 20 Survival and radiobiological studies are therefore needed, ideally, grouping tumour cases by factors that affect patient response to radiation such as: general health status, living habits, normal tissues and tumour biological parameters, tumour microenvironment features etc. [20] [21] [22] [23] Doseresponse models on tumour response to radiation certainly need to be investigated more.
With simultaneous integrated boost IMRT, organ sparing is achieved through the highly conformal dose distributions produced by intensity-modulated beams and by avoiding the additional dose delivered by multiple plans. Thus, although the total dose in the primary tumour was larger in Group $70, compared with the Group ,70, the total dose in the parotid Figure 5 . Incidence of xerostomia (above), dysphagia (middle) and mucositis (below) from Week 1 up to 36 months after radiation therapy for Group ,70 (first bar) and Group $70 (second bar).
glands was significantly reduced in the first group compared with the delivery of RT using sequential plans with no clear clinical differences in terms of xerostomia (Table 2, Figure 4 ). However, a significantly higher incidence of acute dysphagia, odynophagia and pain was obtained in Group $70 compared with Group ,70 (Figure 4) . With the present data, it remains unclear whether this increased toxicity was a consequence of the new fractionation scheme used or the larger proportion of patients with advanced N stage tumours in Group $70 compared with Group ,70 (Table 1) . Patients with more advanced tumours have a larger irradiated volume, but simultaneously these were irradiated with more sophisticated treatment techniques resulting in improved normal tissue sparing ( Table 2) . Further protection of oesophagus and pharynx by using IMRT are thus strongly recommended.
In Figure 5 , the increase in incidence and severity of side effects with the delivery of the radiation dose can be seen (up to Week 7). Patient recovery starts immediately after the end of RT, and during Week 9, the rate of patients free from complications already increased compared with previous weeks. Interestingly, recovery from dysphagia was considerably faster in Group ,70 than in Group $70 (Months 3-7 in Figure 5) . Generally, the rates and severity of dysphagia were higher for Group $70, compared with Group ,70, but were significantly different only for acute dysphagia. No significant dose relation was obtained for dysphagia 1 or 2 years after RT, as also seen by others. 18 Late toxicity, except for mucositis, was not significantly different for both groups (Figure 4) . Mucosa response to RT was usually very similar among the two groups up to Year 2. From 24 months onwards, significant differences in the incidence of late mucositis were in fact obtained ( Figure 5 ). Similarly, in the longitudinal analysis of xerostomia, in general, the incidence of this injury was comparable between the two groups; but, after Month 15, there was a trend for worst toxicity in the high-dose group (p , 0.1). Caution is recommended here, as with increasing follow-up time the number of patients included in the analysis becomes very small and misrepresentation of the true dose-response effect may occur. Further evaluation of the long-term side effects for this new form of biological dose escalation is therefore highly recommended.
CONCLUSION
For patients with HN cancer undergoing definitive RT, a significant increase in delivered dose was obtained with the clinical implementation of simultaneous integrated boost IMRT, by increasing the dose per fraction and shortening OTT compared with conventional treatment schemes. This biological dose escalation resulted in an acceptable treatment outcome with similar rates of survival and late toxicity, except for mucositis, as the dose prescribed with the conventional fractionation. The new treatment strategy was safe, but further protective measures to minimize acute dysphagia, odynophagia and pain may be achievable by outlining the structures responsible for these side effects previously to IMRT optimization.
